Sexual size dimorphism in Tengmalm's owls Aegolius funereus outside the breeding season was investigated by trapping owls on migration during autumn. Owls were accurately sexed using PCR-based molecular techniques. Females were 4% heavier than males, but were c. 30% lighter than during the breeding season, when they carry large fat deposits and can be twice as heavy as males. Thus sexual mass dimorphism outside the breeding season was substantially lower than reported previously for the breeding season in this species. Females also had 2.5% longer wings and tail than males, but there was no difference in wingloading, indicating that¯ight pro®ciency was similar between the sexes. Though the degree of sexual size dimorphism is small, large female size might be an adaptation for accumulating larger fat reserves, while smaller male size allows more ef®cient¯ight and hunting. This study highlights the importance of investigating sexual size dimorphism in owls outside the breeding season to avoid overestimation of female body mass.
INTRODUCTION
A number of avian taxa, notably predatory birds (Falconiformes, Strigiformes and Stercorariidae), exhibit so-called`reversed' sexual size dimorphism, where the female is larger than the male (Jehl & Murray, 1986) . As well as sharing predatory habits, these three taxa show some degree of sexual role division during breeding, males being the main food providers of the family, whilst females lay and incubate eggs and brood the young (Newton, 1979) . Thus most hypotheses explaining reversed sexual size dimorphism in raptors are based on factors promoting hunting ef®ciency in the male or egg production ef®ciency in the female, or alternatively maintaining the pair bond or reducing intersexual competition (see Newton, 1979; Andersson & Norberg, 1981 and Lundberg, 1986 for reviews) . Hypotheses attempting to explain the occurrence of reversed sexual size dimorphism are dif®cult to test experimentally, and the comparative approach has invariably been used. In Falconiformes this has led to some progress, e.g. the ®nding that the degree of size dimorphism increases with prey agility (Newton, 1979) , but in owls (Strigiformes), there are inconsistencies between such studies (Earhart & Johnson, 1970; Lundberg, 1986; Mueller, 1986 Mueller, , 1989 . Owls are a rather uniform group, lacking the trophic diversity of diurnal raptors, so do not lend themselves well to comparative studies involving diet.
One of the main sources of discrepancy in comparative studies of sexual size dimorphism in owls has been the use of body mass to estimate the degree of sexual size dimorphism. Whilst body mass may be a better indicator of overall body size than a single linear measurement such as wing length (Mueller, 1986) , raptors show great seasonal variation in mass (Newton, 1979) . Most comparative studies on reversed sexual size dimorphism in owls use data on mass that are based on dead museum specimens, which may over-represent starving individuals, or birds studied during the breeding season. Birds accumulate fat and protein reserves before the breeding season, which subsequently provide the energy for egg production, incubation and brooding (Newton, 1979; Walsberg, 1983; Hirons, Hardy & Stanley, 1984) . Female raptors especially are considerably heavier when they have accumulated fat and protein reserves before and during breeding than at other times of the year (Newton, 1979; Hirons et al., 1984; Village, 1990; Taylor, 1994) . Mass declines again after incubation as fat reserves are metabolized, and reaches a low level after the breeding season. Conse-quently, estimates of size dimorphism taken at different times of year, or even at different stages in the breeding season are likely to give very different results (Mueller, 1989) . Estimates of sexual dimorphism in mass from the breeding season overestimate the difference between males and females, misinterpreting fat reserves as skeletal and muscular body mass. Comparable measures of mass are important for comparative studies on size dimorphism, and are required to estimate relative wingloading (body weight/wing area) of male and female owls. Wing-loading is a useful indicator of a bird's¯ight performance (Rayner, 1988; Norberg, 1990) , and is particularly important in the discussion of the evolution of reversed sexual size dimorphism, which has often focused on the relative¯ight performance and hunting skill of males and females (e.g. Andersson & Norberg, 1981) .
Tengmalm's owl Aegolius funereus is a small, nocturnal raptor with a Holarctic boreal distribution (Mikkola, 1983) . Its main prey are small mammals, especially voles (Korpima Èki, 1988; Ho È rnfeldt, Carlsson, Lo È fgren et al., 1990) , and¯uctuations in their abundance affect much of its breeding biology and success (Korpima Èki, 1987; Ho È rnfeldt, Carlsson, Lo Èfgren et al., 1990 ). Tengmalm's owl is sexually size dimorphic for linear body measurements (Earhart & Johnson, 1970; Mikkola, 1983; Korpima Èki, 1986; Lundberg, 1986; Mueller, 1986; Hayward & Hayward, 1991) , and is regarded as Europe's most sexually size dimorphic owl by mass (Mikkola, 1983; Korpima Èki, 1986; Lundberg, 1986) . However, this refers to the breeding season, when the female is around 50% heavier than the male, or at various times of year as recorded on museum specimens. Mass of female Tengmalm's owls declines by over 20% during her period at the nest (Korpima Èki, 1990) , and may decline further as the season progresses. In this study I present data on the sexual size dimorphism of Tengmalm's owls caught on migration in autumn, when female mass can be expected to have decreased fully from the breeding season level. A previous hindrance to such studies was the dif®culty in accurately sexing owls in autumn; however, a PCR-based molecular sexing technique was used to overcome this problem. As well as providing insight into the extent of sexual size dimorphism in Tengmalm's owl, data from outside the breeding season may provide further insight into the reasons for any sexual size differences in this species.
MATERIALS AND METHODS

Fieldwork
Tengmalm's owls on migration between Sweden and Finland were trapped during September±October 1999 on Stora Fja Èdera Ègg, a small (1.861.3 km) island in the Gulf of Bothnia (63.5 8N, 21.0 8E). Owls were trapped from dusk until dawn every night when weather permitted. Owls were caught using 16 mm mesh mist nets, and were attracted to the nets by continuously playing a recording of the male's territorial call. All owls caught were ringed if unmarked, and aged by examining the moult patterns of the primary feathers (Ho È rnfeldt, Carlsson & Nordstro Èm, 1988) . Owls were weighed to the nearest g using a Pesola spring balance, and wing length, measured from the carpal joint to the tip of the longest primary (after¯attening and straightening the wing) and tail length were measured to the nearest mm using a ruler.
Molecular sexing
Determination of the sex of the owls relied on polymerase chain reaction (PCR) ampli®cation of the sex-linked chromo-helicase-DNA binding genes CHD1W and CHD1Z, which map to the avian W and Z chromosomes, respectively (Ellegren, 1996; Grif®ths, Daan & Dijkstra, 1996; Grif®ths & Korn, 1997) . A 50-ml blood sample was taken from the brachial vein under the wing, and stored in Queens College buffer (20% DMSO, 0.25 m Na±EDTA, 100 mm Tris, pH 7.5, NaCl to saturation). Molecular sexing was essentially carried out as described in Fridolfsson & Ellegren (1999) and Ho È rnfeldt, Hipkiss et al. (2000) , which can be referred to for a detailed procedural description. Females were characterized by displaying both a CHD1W-speci®c fragment (1.2 kb in size) and a shorter CHD1Z-speci®c fragment (0.7 kb), while males showed only the shorter Z-fragment. Detection of both W-linked and Z-linked sequences avoids the problem of accepting false negative results if the analysis fails to work (Fridolfsson & Ellegren, 1999) .
Analysis
Sexual size dimorphism was estimated for ®eld measurements by dividing the mean female measurement by that of the male. The cube root of mass, rather than mass itself, was used in dimorphism estimation, to reduce the variability to a level comparable with the other linear variables (Amadon, 1943 , in Earhart & Johnson, 1970 Mikkola, 1983) . To gain insight into the relative¯ight performance and aerial manoeuvrability of males and females, a rough index of wing-loading, as used by Mueller (1986 Mueller ( , 1989 , was calculated as follows: mass/ wing length 2 . An alternative wing and tail loading index, as used by Hakkarainen & Korpima Èki (1991 , 1995 , was also calculated:
1006[mass/(wing length6tail length)].
Differences in measurements and loading parameters between males and females were tested using t-tests.
RESULTS
One hundred and thirty-®ve owls were caught, aged, sexed and measured, of which 48 were male and 87 female. Juveniles (n = 77) and adults (n = 58) were pooled for the analysis, as none of the ®eld measurements differed signi®cantly between the two age groups (mass, t = ±1.15, P = 0.25; wing length, t = 1.38, P = 0.17; tail length, t = 0.90, P = 0.37). Females were signi®cantly heavier (4%), and had signi®cantly longer (2.5%) wings and tail than males (Table 1) . However, neither wingloading index nor wing±tail loading index differed signi®cantly between the sexes, indicating that the longer wings of the females compensated for their body mass (Table 2) .
DISCUSSION
Measurements of Tengmalm's owls caught on migration in autumn showed that females were heavier and had longer wings and tail than males. However, female mass was substantially lower than previously reported by other authors (Earhart & Johnson, 1970; Mikkola, 1983; Korpima Èki, 1986; Lundberg, 1986; Hayward & Hayward, 1991) from breeding season data.
The increase in female mass before the breeding season is almost entirely the result of the accumulation of fat and protein deposits (Newton, 1979; Hirons et al., 1984) . Protein reserves are required for the production of eggs, and fat is necessary for successful incubation and brooding (Newton, 1979; Walsberg, 1983) . Females that fail to accumulate suf®cient reserves are unable to undergo ovarian hypertrophy, and cannot breed (Newton, 1979; Hirons et al., 1984) , or attempt breeding but are unsuccessful (e.g. Hirons, 1985; Village, 1990; Taylor, 1994) . In Tengmalm's owl, the difference in female mass during and outside the breeding season is higher than that reported for other raptors (see also Korpima Èki, 1990) . Female Tengmalm's owls have the ability to accumulate especially large fat deposits (Hohtola, Pyo È rnila È & Rintama Èki, 1994) , an adaptation to low temperatures and periods of temporary food shortage. Owls in general are well adapted to such conditions, as they have a lower basal metabolic rate and body temperature than the mean level for nonpasserines (Wijnandts, 1983; Hohtola et al., 1994) . Additionally, they have good thermal insulation with respect to their metabolic rate, and do not enter hypothermia during food shortage (Hohtola et al., 1994 ). Tengmalm's owl, in particular, is especially well adapted to low temperatures, as it has a low critical temperature for its size, good insulation and, with its ability to ef®ciently accumulate large fat deposits, can survive fasting for at least 5 days (Hohtola et al., 1994 ). Tengmalm's owls often start breeding as early as March (Korpima Èki, 1986; ; Ho Èrn-feldt, Carlsson, Lo È fgren et al., 1990), when temperatures in boreal Scandinavia can drop below ±20 8C, and heavy snowfalls can lead to periods of temporary food shortage because the male has dif®culty hunting. Mikkola (1983) and Lundberg (1986) , suggested that large body size per se in female owls might be an adaptation to temporary food shortage and low temperatures, since lower critical temperature and turnover of stored energy decreases with increasing size (Peters, 1983) . However, it is actually the accumulation of fat reserves before breeding that allows the female to endure such conditions while laying, incubating and brooding, although larger females might be able to accumulate more fat (Hirons, 1985) . Heavier Tengmalm's owl females produce larger clutches and broods than lighter females (Korpima Èki, 1990; Hakkarainen & Korpima Èki, 1993) , but females of larger skeletal size are more successful only during peak vole years, when food is plentiful enough for them to accumulate more fat than smaller females (Hakkarainen & Korpima Èki, 1993) .
While mass of female Tengmalm's owls was lower in autumn than during the breeding season, females were still signi®cantly (4%) heavier than males, and had slightly (2.5%) longer wings and tail. Based on Andersson & Norberg's (1981) work showing that agilē ight performance increases with decreasing size, Korpima Èki (1986) and Lundberg (1986) suggested that males had shorter wings than females to improve their manoeuvrability. However, reduced wing length alone would increase wing-loading, which would impair manoeuvrability (Norberg 1990 ). Low wing-loading, a feature of most owls, allows slow, manoeuvrable¯ight at low cost, necessary for ef®ciently sensing the environment at night (Rayner, 1988; Norberg, 1990) , and also enhances the owl's ability to¯y silently (Norberg, 1990) . Additionally, low wing-loading permits a high loadcarrying ability (Rayner, 1988; Norberg, 1990) , important for smaller owl species such as Tengmalm's owl, which take relatively large prey for their size. A drawback of low wing-loading is that it does not enable high-speed¯ight and rapid aerial agility. Andersson & Norberg's (1981) size scaling of¯ight performance is mainly applicable to birds that hunt agile, airborne prey by aerial pursuit. Tengmalm's owl, like most other forest owls, hunts from elevated perches (Norberg, 1970; Bye, Jacobsen & Sonerud, 1992) , which is an economical foraging method for birds with low wingloading and low aspect ratios (Norberg, 1990) . Increasing wing-loading increases the power required for¯ight (Pennycuick, 1975; Witter & Cuthill, 1993) , and decreases manoeuvrability and agility (Norberg, 1990) . There was no difference in wing-loading between male and female Tengmalm's owls on migration in autumn, indicating that manoeuvrability does not differ between the sexes at this time, and that increased wing length in female Tengmalm's owls (and presumably other owl species) can be regarded as a function to compensate for increased body mass (cf. Myers, 1978; Wheeler & Greenwood, 1983) . Naturally, when females carry large fat deposits before and during the breeding season, wing-loading is substantially increased, and ight performance reduced, but at this time the male provides for the female. Reduction in fat deposits during and after breeding, when they have been metabolized or are no longer required, allows the female to¯y more ef®ciently and with increased manoeuvrability (Norberg, 1981; Witter & Cuthill, 1993) .
Small male size in Tengmalm's owls might not be an adaptation for improved¯ight manoeuvrability, but may instead be an adaptation for increased¯ight ef®-ciency. The difference between moving metabolic rate and basal metabolic rate increases with size, so smaller birds¯y more ef®ciently than larger birds (Pennycuick, 1975; Peters, 1983) . A small male could therefore make more hunting trips and bring more food to the nest than one that was the same size as the larger female (Ydenberg & Forbes, 1991) . Hakkarainen & Korpima Èki (1991 , 1995 found that Tengmalm's owl males that were small and light brought more food to the nest and had higher breeding success than larger males only in years of low vole density. During years of peak vole density, heavier owls fared better (Hakkarainen & Korpima Èki, 1991 , 1995 . When food is abundant there is presumably less intense selective pressure for ef®cient ight, and successful owls may also become heavier as a consequence of a plentiful food supply.
Sexual mass dimorphism of Tengmalm's owls on migration was substantially lower than previously reported for the breeding season (Earhart & Johnson, 1970; Mikkola, 1983; Korpima Èki, 1986; Lundberg, 1986; Mueller, 1986) . Male mass is relatively constant during breeding (Korpima Èki, 1990) , and this seems to apply throughout the year, as mass in autumn did not differ from that reported during the breeding season (e.g. Korpima Èki, 1990) . Thus sexual size dimorphism in mass was lower than previously reported, females being on average only 4% heavier than males. Tengmalm's owls caught in the present study are among those that wander nomadically in search of future breeding sites after leaving areas of low vole supply (e.g. Lo È fgren, Ho Èrnfeldt & Carlsson, 1986; Korpima Èki, Lagerstro È m & Saurola, 1987) . It is therefore possible that mean mass of owls caught in this study was lower than for owls staying on their breeding ground, owing to food shortage. However, this would affect males and females equally, so would not affect the degree of sexual dimorphism. Sexual size dimorphism in wing length was also lower than previously reported by other authors (Earhart & Johnson, 1970; Mikkola, 1983; Korpima Èki, 1986; Lundberg, 1986; Mueller, 1986) , though not to the same extent as for mass. Small differences in wing length between studies may arise because of differences in measurement techniques, or perhaps because some of the owls caught in this study had recently moulted. Moult, which usually begins in July and may proceed until September (Ho È rnfeldt et al., 1988) may cause variation in autumn wing length measurements. However, very few actively moulting individuals were caught, and moult is unlikely to have affected estimations of sexual size dimorphism in this study.
In summary, Tengmalm's owls are highly sexually size dimorphic during the breeding season, when sexual role division places the sexes under different selective pressures (e.g. Hakkarainen & Korpima Èki, 1991 . Outside the breeding season, when both males and females hunt, and selection pressures on both sexes are similar, sexual dimorphism for body mass is reduced. This study highlights the importance of obtaining data from outside the breeding season for investigations of size dimorphism, especially when body mass and its derivatives, such as wing-loading, are of interest. This is particularly important in owls, which have well-developed thermal adaptations and fat deposition capabilities (Hohtola et al., 1994) , and will therefore increase more in mass before the breeding season than other raptors. Data from other owl species are required to investigate reversed sexual size dimorphism outside the breeding season, and with modern molecular sexing techniques (e.g. Fridolfsson & Ellegren, 1999) , such studies are now easier to carry out. 
